Introduction
The chemical derived from oils and fats of vegetables, also called oleochemical, represents one of the cheaper and highly available petroleum-derived products. Efforts in finding potential sustainable and renewable resources have gained interest as the concerns over environmental issues, such as global warming and climate change, are in the limelight. In general, fatty acids have different levels of saturation. Fatty acids, such as linoleic acid, contain three double bonds, while oleic acid has only one double bond. Therefore, they are categorized as unsaturated fatty acids. Regarding the composition of fatty acids in crude palm oil (CPO), it can be observed that palmitic acid constitutes the largest percentage of fatty acid composition, followed by oleic acid with values of 44 %, and 39.2 %, respectively. Owing to the high percentage of double-bond fatty acids in CPO, the modifications of these fatty acids play a key role in the production of marketable products in the manufacturing industry.
2 Therefore, it has been widely used in lotions and soaps to nourish the skin. Oleic acids contain high lipid content among all fatty acids. As a result, the benefits of these fatty acids can be harnessed to produce good quality skincare products. Despite the potential benefits offered by oleic acids, these fatty acids are often been neglected and regarded as by-products of low value. 3 Although there are numerous studies regarding the potential benefits of epoxidized oleic acids, fewer studies have focused on the kinetics of epoxidized oleic acids. In an in situ epoxidation process, the peracid forms within the same medium and the fatty acids are epoxidized simultaneously with the in situ formed peracid. This makes kinetics studies on the overall reaction rather complex and challenging. There are various ways in which the kinetic reactions of epoxidized fatty acids could be examined and they can be classified based on the epoxidation process, epoxidation reagent, catalyst, and solvent. Epoxidized oleic acid with an almost complete conversion of unsaturated carbon chains and negligible ring opening can be synthesized via in situ techniques. The chemistry underlying the in situ epoxidation process consists of two main reactions (i.e., peracid formation and epoxidation), as given by Eqs. 1 and 2:
Peracid formation:
Epoxidation:
The kinetics of in situ epoxidation of oleic acid by reacting hydrogen peroxide with acetic acid, in which sulphuric acid is used as catalyst, revealed that the formation of peracetic or performic acid is integral in determining the rate of the overall reaction. 5 Rangarajan et al. 6 examined the kinetic parameters for in situ epoxidation of soybean oil by peracid, whereby sulphuric acid was used as catalyst. Abstract Epoxidized palm oleic acid is often regarded as a highly valuable oleochemical due to its wide range of industrial applications, including cosmetics, personal care, and pharmaceutical products. In this study, oleic acid derived from palm oil with iodine value of 98.99 g/100 g, containing 75 % of oleic acid, 12 % of linoleic acid, 6.5 % of palmitic acid, and 6.5 % of stearic acid was epoxidised by in situ generated performic acid with hydrogen peroxide as oxygen donor and formic acid as active oxygen carrier in the presence of catalytic amount of inorganic acid. The rate constant for epoxidation of oleic acid was found to be 1. , respectively. Relative conversion data showed that it was possible to develop epoxides from locally available, natural, renewable resources such as palm oil.
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Epoxidation, palm oil, kinetic study, activation energy, oxirane was treated as a two-phase system in their study and found each reaction rate by looking at different phases. The pioneer kinetics study on oleic acid epoxidation was conducted by Chou and Chang. 7 Their study revolved around the role of acetic acid as an oxygen carrier in two phases (oil and aqueous) epoxidation of oleic acid. They described the kinetics of oleic acid epoxidation with peracid to be independent of oleic acid concentration, but highly dependent on the mixing rate and the rate of reaction of acetic acid. They obtained the rate constant for the epoxidation as k = 4.96 × 10 −4 mol −1 s −1 at the temperature of 35 °C. Campanella et al. 8 examined that the epoxidation process can be adequately described using an (equilibrated) twophase reaction model. The model accounts for both the reversible peracid formation (in the aqueous phase) and the epoxidation reaction together with the attacks on the epoxide ring by formic acid and performic acid (in the organic phase). For both forward and reverse reactions of performic acid formation, the reaction rate constants were calculated as 9.16 × 10 −6 mol −1 s −1 and 1.25 × 10
, respectively. Consequently, the reaction rate of epoxidation process is 7.83 mol s . It can be observed from the existing literature that most of the previous studies have focused on achieving the highest conversion of carbon double bonds (C=C) in the fatty acids to oxirane rings. It can also be observed that the development of kinetic models for the epoxidation process is ongoing due to the high demand for epoxidized oleic acids. The present study, however, focuses on the epoxidation of fatty acid-oleic acid, a smaller molecule compared to a triglyceride molecule. Thus, the objective of this study was to investigate the epoxidation of oleic acid derived from palm oil with respect to the relative content of oxirane and iodine value, and kinetics model of epoxidized oleic acid derived from palm oil.
Materials and methods

Materials
Oleic acid-based palm oil in this study was obtained from Quality Reagent Chemical (QReC) from the Republic of New Zealand as a raw material. Formic acid, hydrogen peroxide, and sulphuric acid were also obtained from QReC.
Experimental set-up
Initially, 100 g of oleic acid were mixed with a specific molar ratio of formic acid to oleic acid (0.5 : 1.5) in a 500 ml three-neck, round-bottom flask, which was equipped with a magnetic stirrer, thermometer, and reflux condenser immersed in the thermostatic oil bath. The mixture was then stirred at variation of stirring speed (50-300 rpm), and heated to desired temperature (35-95 °C). Next, 0.5 g of catalyst (sulphuric acid, nitric acid, and hydrochloric acid) were added to the mixture, followed by dropwise addition of hydrogen peroxide (φ = 30 %) for a molar ratio of hydrogen peroxide to oleic acids. The sample was retrieved every 5 min to determine the oxirane (epoxide) oxygen content, which was then used for the calculation of relative conversion of double bond to oxirane, RCO%.
Analytical procedure
Based on the repetitive gas chromatography analyses done by Chung Chemical Sd. Bhd, Malaysia, palm fatty acids contain 75 % of oleic acid, 12 % of linoleic acid, 6.5 % of palmitic acid, and 6.5 % of stearic acid. The experimentally determined oxirane oxygen content (OO exp ) value in the epoxidized oleic acids was determined by direct titration using hydrobromic acid solution in glacial acetic acid, according to AOCS Tentative Method Cd 9-57, 9 as shown in Eq. (3):
where N is the normality of HBr, V is the volume of HBr solution used for blank (in ml), B is the volume of HBr solution used for titration (in ml), and W is the weight of sample (in g). The iodine value (IV) of oleic acids used, which indicates the degree of unsaturation in the oleic acids, was calculated based on AOCS Standard Method Cd 1d-92, as in Eq. (4):
where B is the volume of titrant for blank run (in ml), S is the volume of titrant for sample (in ml), and N is the normality of sodium thiosulphate. The iodine value was then applied to calculate theoretical oxirane oxygen content (OO theo ), 9 by the following Eq. (5):
where IV o is initial iodine value, A o is the molar mass of oxygen, and AI is the molar mass of iodine. Then, the percentage of relative conversion to oxirane was calculated using Eq. (6):
Kinetics study
The kinetics data obtained were represented by a kinetics model based on a modified reaction scheme, whereby two assumptions were made: 15 The rate of the reaction mechanism (peracid formation) was considered as the rate-determining step, thus peracid formation is a slow-step reaction and epoxidation a faststep reaction. Therefore, the overall reaction rate depends on peracid formation.
The peracid concentration is constant throughout the reaction.
According to Gan et al., 10 the rate of epoxidation can be expressed as:
where EpOA is the epoxidized oleic acid, and the subscript 'o' is the initial concentration.
Thermodynamic analysis of oleic acid epoxidation
The activation energy can be calculated through Arrhenius equation
where k is the rate constant, and T is the temperature.
The enthalpy of activation ΔH is calculated using the following equation:
where E a is the activation energy determined from the Arrhenius plot, T is the absolute temperature at the optimum condition, and R is the universal gas constant.
The entropy of activation ΔS is given by:
and the free energy of activation ΔG is given by:
where k is the rate constant, R is gas constant (R = 8.314 J K −1 mol −1 ), T is absolute temperature, N is Avogadro constant (N A = 6.02 • 10 23 mol −1
), and h is Planck's constant (h = 6.62607015 • 10 −34 J s).
3 Results and discussion
Epoxidation of oleic acid-based palm oil
The iodine value analysis provides an insight into the reactivity and the degree of unsaturation of fatty acids. The iodine value (IV) is a measure of the number of double bonds, and oxirane value is an indication of the percentage content of epoxide group. 11 The quality of the epoxidized oil can be regarded as good if the oxirane value is high and the iodine value low. The higher the iodine value contributes to higher reactivity and lower stability of the fatty acid. The maximum conversion of oleic acids to oxirane was improved to 85.6 % by applying the optimum operating conditions. From a theoretical viewpoint, high iodine value indicates that the probability for the iodide ions to attach to the unsaturated carbon chains is higher. The analysis showed that the tendency for iodide ion to attach to oleic acid structure was four times higher than the epoxidized oleic acid, meaning that there were less unsaturation sites available in the former structure. The analysis clearly suggested that most of the available unsaturated double (C=C) bonds in the crude oleic acid had been broken and converted into an oxirane ring structure. Fig. 1 shows that iodine value decreases per unit time with increasing the relative conversion of oxirane. This phenomenon was similar in previous reports, indicating the reduction of unsaturated fatty acid due to the formation of epoxy group. 12,13
Epoxidation kinetics
Chemical kinetics refers to the rate of reaction and the factors that affect this speed. Therefore, the efforts aimed at optimizing the rate constant that would enhance the yield Fig. 1 -Iodine value vs. oxirane content maximally. Determination of the rate constant value is essential in determining the value of any reaction by applying the reaction rate equation. In the industrial applications of kinetics, knowledge of chemical rate equation is essential in establishing the optimum conditions of temperature, pressure, feed composition, and space velocity. Activation energy can be confirmed as the most important property in any kinetically controlled chemical reaction. No matter how strong the collision between correctly oriented reactants, if there is not enough energy possessed by them to overcome the activation reactant, no transformation from reactant to product will occur at transition state. 16 Epoxidized oleic acid with almost complete conversion of the unsaturated carbon and negligible ring opening can be synthesized by the in situ techniques described. 17 Eq. 7 can be re-written in natural logarithm form as follows:
reaction time (t) based on (14) was plotted at different temperatures, as shown in Fig. 2 . The deviations from linearity were considered to occur due to the rate constants obtained from the initial linear portions of the plots. The rate constant obtained for in situ epoxidation of oleic acid palm kernel oil by performic acid is good enough and comparable with other values reported by previous study on soybean oil and rubber seed oil, as shown in Table 2 .
It is evident from the data presented in Table 2 that the apparent activation energy is different for different vegetable oils. This might be attributed to several factors, which include the variations of fatty acid composition in the oils, epoxidation reaction conditions, as well as the chemical structure of the oils. According to Jalil et al., 3 the rate of reaction may increase, decrease, fluctuate or remain constant with increasing temperature. In addition, the value of the rate constant depends highly on temperature and the type of vegetable oil. The rate constants will increase as temperature increases up to a certain point, and then the rate constant will decrease again. The calculated values of ΔS and ΔG were −67.9 J mol
and 88.36 kJ mol −1 , respectively. The results indicated that the present reaction was endothermic in nature, since the enthalpy of activation was positive, hence an increase in the reaction temperature led to an increase in conversion of oxirane. Entropy was also calculated in order to measure the randomness of the particles in a thermodynamic system. The negative value of entropy indicates that the particle has less disorder, higher reaction rate, and less reaction time to achieve maximum yield of epoxide. In addition, the free energy of activation was found to be positive, indicating that the reaction was non-spontaneous under the present experimental conditions 19 , and therefore, external energy was needed to induce the reaction. As temperature increases, the non-spontaneity of reaction would increase, which results in free energy activation value to be positive. Hence, at any particular time, the yield of oxirane will increase.
Conclusion
The kinetics of the in situ epoxidation process was examined in homogeneous (single-phase) system. The rate constant of reaction, k, at various reaction temperatures was determined. It was found that the kinetic parameters vary with temperature, which is highly beneficial for scale-up production of epoxidized oleic acid using the in situ technique. Based on the rate constants obtained, the activation energy (Ea) and pre-exponential factor (A) were calculated 21.78 kcal mol −1 and 2.0, respectively. Furthermore, thermodynamic analysis conducted on the epoxidation-derived oleic acid indicated that the reaction was endothermic in nature and non-spontaneous. 
